Abstract: Fatty acids and derivatives (FADs) are resources for natural antimicrobials. In order to screen for additional potent antimicrobial agents, the antimicrobial activities of FADs against Staphylococcus aureus were examined using a microplate assay. Monoglycerides of fatty acids were the most potent class of fatty acids, among which monotridecanoin possessed the most potent antimicrobial activity. The conventional quantitative structure-activity relationship (QSAR) and comparative molecular field analysis (CoMFA) were performed to establish two statistically reliable models (conventional QSAR: R 2 =0.942, Q 2 LOO =0.910; CoMFA: R 2 =0.979, Q 2 =0.588, respectively). Improved forecasting can be achieved by the combination of these two models that provide a good insight into the structureactivity relationships of the FADs and that may be useful to design new FADs as antimicrobial agents.
Introduction
Research into alternative antimicrobial agents has become important because of consumer's demand for fresh, natural, and safe foods. Fatty acids and derivatives (FADs) are one group of chemicals found in nature and are considered to have little or no toxicity in low concentrations. They have been proven to exert antimicrobial activity and have attracted much attention during the past 40 years (Bergsson et al., 2001; Kelsey et al., 2006; Habulin et al., 2008) .
To date, there have been a limited number of reports on the relationship between structure and antimicrobial activity of FADs. From 1972 to 1984 the group of Kabara examined the antimicrobial activities of a series of FADs, and found that the activities might be influenced by structural properties, such as carbon chain length, unsaturation, location of unsaturated bonds, hydroxide radical, esterification, and functional groups (Kabara et al., 1972; 1977; Kabara, 1984) . Hou and Forman (2000) studied the growth inhibition of plant pathogenic fungi by several hydroxy fatty acids, and assumed that the positions of hydroxy groups on the fatty acids played an important role in their antifungal activities. Nobmann et al. (2009) investigated the antimicrobial efficacies of monosubstituted carbohydrate fatty acid esters and ethers against Listeria spp. and some other foodborne microorganisms, and suggested that α and β configurations of the carbohydrate moiety and the nature of the bond that connects to fatty acids have a significant effect on efficacy.
The group of Siebert was the first to try the quantitative structure-activity relationship (QSAR) method to study the structure-activity relationship of fatty acids (Hsiao and Siebert, 1999; Nakai and Siebert, 2003; . They applied principal component analysis (PCA) to 11 properties of 17 organic acids (including 10 fatty acids) commonly used in food systems, and they successfully constructed models for 10 bacteria. This initial success suggested the possibility of the existence of linear relationships between the structure and the antimicrobial activity of organic acids. In the present work, 57 different FADs were collected and the structure-activity relationship against Staphylococcus aureus CMCC (B) 26003, a typical Gram-positive methicillin-resistant strain, was examined using two QSAR methods: conventional QSAR analysis (using three-dimensional (3D) structure descriptors) and comparative molecular field analysis (CoMFA) in order to establish predictive models, as an important guideline for the molecular design of new FAD antimicrobials against methicillinresistant S. aureus strains.
Materials and methods

Chemicals
All FADs used were of the highest purity grade (above 99%), were commercially obtained from Sigma, and used without further purification. Doubledistilled water was used in all experiments.
Bacteria
Staphylococcus aureus CMCC (B) 26003 was provided by the Institute of Microbiology, Chinese Academy of Sciences, Beijing, China. The strain was maintained on nutrient agar (NA; Hangzhou Microbiological Agents Co., Ltd., China) slants and transferred each month to maintain viability at the Department of Food Science and Nutrition, Zhejiang University, Hangzhou, China. Working cultures were obtained by inoculating a loop of pure culture into tryptic soy broth (TSB, pH 7.2) medium and incubating at 37 °C for 24 h.
Antimicrobial activity assay
The experiment was designed according to the methods of Branen and Davidson (2004) with modifications. FADs were dissolved in 100% ethanol, diluted by TSB to obtain various concentrations (2, 4, 8, 16, 32, 63, 125, 250 , 500, 1 000, 2 000, and 4 000 µg/ml), and dispensed into the wells of a sealed flat-bottom 96-well microtiter plate. Overnight cultures of the test organisms were diluted to approximately 10 4 colony-forming units/ml (CFU/ml) in TSB broth (pH 7.2) and 100 µl volumes were added to each well of this sealed microtiter plate. The experiments were conducted in duplicate and controls were included as appropriate. The 96-well plates were incubated for 24 h at 37 °C, and the optical density at 595 nm (OD 595 ) for 0 and 24 h of the culture was read on a Multiskan MK3 microplate reader (Multiskan MK3, Thermo Labsystems, Finland). Minimum inhibitory concentrations (MICs) at 24 h were defined as the lowest concentration at which the bacterial growth was completely inhibited (OD 595 difference <0.05). MIC≥4000 µg/ml was defined as no antimicrobial activity.
Data sets for analysis
To cover the potential range as widely as possible, 57 compounds including fatty acids and their monoglycerides, diglycerides, alcohols, methyl/ethyl esters, and acetates were collected. The FADs without antimicrobial activity were not used in QSAR analysis. According to the different molecular structures, those with definite MIC values (37 compounds, listed in Table 1 ) were classified as fatty acids (Type I), monoglycerides of fatty acids (Type II), and fatty alcohols (Type III), and were randomly divided into a training set (28 compounds) and a test set (9 compounds). Their antimicrobial activities were expressed as −logMIC.
Conventional QSAR
The 3D structures of the compounds were refined by the semi-empirical quantum chemical method AM1 implemented in MOPAC 10.0 computer software (James Stewart, Springs, CO, USA).
The DRAGON Professional software (Talete srl, Milano, Italy) was employed to calculate 3 224 structure descriptors which were classified as 22 different kinds of topological descriptors including: edge adjacency indices, Burden eigenvalue descriptors, topological charge indices, eigenvalue-based indices, geometrical descriptors, radial distribution function (RDF) descriptors, 3D molecule representation of structure based on electron diffraction (3D-MoRSE) descriptors, weighted holistic invariant molecular (WHIM) descriptors, GETAWAY descriptors, 2D binary fingerprints, etc. (Todeschini and Consonni, 2000) . Descriptors with constant values were discarded, the remaining number of descriptors in this study was 1 315.
The correlation between antimicrobial activity and structure properties was obtained by using the variable selection enhanced replacement method (ERM) (Mercader et al., 2008a; 2008b) and multiple linear regression analysis (MLRA) methods. Compared with genetic algorithm (GA) and forward stepwise methods, the QSAR models obtained by replacement method (RM) showed the best statistical parameters (Gonzalez et al., 2008; Mercader et al., 2010) . ERM is an enhanced method based on RM, and it is better for a larger (more than a thousand) pool of descriptors. The selected descriptors were then used to build a QSAR model using MLRA. The predictive stability and robustness of the model were first verified by internal cross-validation (leave-one-out (LOO) method), and then were further checked by external cross-validation. These methods were all implemented in MATLAB 7.6 (the Math Works, Natick, MA, USA).
The performance of the model was evaluated using the following statistical parameters: squared correlation coefficient (R 2 ), standard error of the estimate (s), significance of the model (P), Fisher ratio value (F), LOO cross-validation coefficient for conventional QSAR model ( 2 LOO Q ), and prediction coefficient ( 2 EXT R ).
CoMFA
The 3D structures of all compounds were minimized using SYBYL 6.9 (TRIPOS, St. Louis, MO, USA). The geometries were optimized by Powell's method using the Tripos force field. Conformation analysis was also carried out using the SYBYL/ GRID search module. The lowest-energy conformations were considered as the bioactive conformations. Compound 20 (monotridecanoin) with the most potent activity (Table 1) was selected as the template of the alignment. Furthermore, the common -COO structure ( Fig. 1) was selected to superimpose all the compounds using the SYBYL/fit-atom module. The result of the alignment of the molecules is shown in Fig. 2 (in page 90) . To calculate the steric and electrostatic fields in CoMFA, a probe sp3 carbon atom with +1.0 net charge was employed, and the CoMFA fields generated were scaled by the CoMFA-standard (STD) method with an energy level of 30 kcal/mol. The partial least-square (PLS) method was used to set up a correlation between the molecular fields and the −logMIC denoting antimicrobial activities of tested samples. The optimal number of the components was calculated using the LOO cross-validation method. The highest cross-validated Q 2 (an LOO crossvalidation coefficient for CoMFA model) that resulted in an optimum number of components was applied in non-cross-validated analysis, in which the final model was built.
Results
Antimicrobial activities of FADs
The MIC values of all FADs against S. aureus were tested in this experiment, and the values of −logMIC are listed in Table 1 . Among the FADs, the monoglycerides of fatty acids (Type II) showed the most potent activities, with an average activity of 3.968. In comparison, the average activities of fatty acids (Type I) and fatty alcohols (Type III) were 2.644 and 2.602, respectively. The compounds with −logMIC≥3.500 (with potent antimicrobial activity) were either monoglycerides of fatty acids with a length of 10-14 carbons, or unsaturated fatty acids with a chain length longer than 18 carbons and their monoglyceride counterparts. Linolenic acid was the most potent fatty acid, and monotridecanoin was the most potent monoglyceride. Those FADs without antimicrobial activity (MIC≥4 000 µg/ml) were the tested diglycerides, methyl/ethyl esters, acetates, and trans fatty acids (monobutyrin, ethyl caprylate, methyl caprate, ethyl caprate, 1,2-dilaurin, methyl laurate, ethyl laurate, lauryl acetate, palmitic acid, 
Conventional QSAR model
Based on the five most representative structure descriptors (Table 2) selected by ERM, the following MLRA model was obtained: Fig. 3 . It is seen that the residual values distributed uniformly and were lower than three times the standard deviation. The meanings of the five descriptors are shown in Table 2 and the values of each molecule are listed in Table 3. Table 4 shows the standardized coefficients of the variables, which indicate that the two RDF descriptors contribute mostly to the antimicrobial activity. RDF descriptors are based on the distance distribution of the atoms. The RDF descriptors of a molecule of n atoms could be interpreted as the probability distribution of finding an atom in a spherical volume of radius R. These 3D descriptors suggested the occurrence of the linear dependence between the antimicrobial activity and the 3D molecular distribution of atoms calculated at radius of 3.0 and 8.0 Å from the specific geometrical centers of each molecule (Hemmer et al., 1999) . Therefore, this model suggests that the more atom pairs within distance of 3.0 Å and the less within 8.0 Å, and the higher polarizabilities these atoms possessed, for example of linolenic acid, the higher antimicrobial activity of the FADs can achieve. The number of intramolecular hydrogen bonds was another important structure property. According to this model, it can be speculated that the difference of antimicrobial activity between fatty acids and their monoglycerides can be attributed to the formation of intramolecular hydrogen bonds. WHIM descriptors were obtained as statistical indices of the atoms projected onto the three principal components from weighted covariance matrices of the atomic coordinates. They can be viewed as a useful template in searching for the principal axes with respect to a defined atomic property (Todeschini and Gramatica, 1997) . E2p denotes atom polarizability distribution and density around origin and along the 2nd component axis. In this model, lower distribution and density of atom polarizabilities around origin and along the 2nd component axis were favored for high antimicrobial activity.
Inflammat-80 (Ghose et al., 1999) denotes whether the physicochemical properties were in anti-inflammatory drug-qualifying range (covering approximately 80% of anti-inflammatory drugs). The range was: Ghose-Crippen octanol-water partition coefficient (ALOGP) between 1.4 and 4.5, molar refractivity (AMR) between 59 and 119, molecular weight (M W ) between 212 and 447, and number of atoms between 24 and 59. It could be speculated that compounds with physicochemical properties in this range would have a higher possibility to be antimicrobial agents.
CoMFA model
CoMFA (Cramer et al., 1988) is widely used in drug design because of its rapid generation of QSAR models (Wei et al., 2005; Caballero et al., 2007; Dong et al., 2009) . A CoMFA model (Table 5) tions of steric and electrostatic fields were 72.9% and 27.1%, respectively. The test set was also used to verify the model's external predictivity. The experimental and predicted activity values for training set and test set compounds are shown in Table 1 and Fig. 4 . It is shown in Fig. 4b that the residual values distributed uniformly and were lower than three times the standard deviation.
The steric contour plot is shown in Fig. 5a . It was found that a medium-sized green-colored contour was surrounding the C12 (taking the C atom of -COOH in fatty acids, -COO-in monoglycerides of fatty acids, and -COH in fatty alcohols as the C1, similarly hereinafter) and C13 atoms. This means that the bulky substituents at C12 or C13 would increase the potency of antimicrobial activity. For example, compounds 18 (monododecenoin) and 20 (monotridecanoin) exhibited more potent activity than 8 (monocaprylin) and 10 (monocaprin). Two big-sized yellow-colored contours were found surrounding some carbon chains after C14. This indicates that bulky substituents at these regions would decrease the potency of antimicrobial activity. For instance, compounds 28 (stearic acid) and 30 (monolinolein) displayed less antimicrobial activity, which could be the result of these two compounds being too bulky.
The electrostatic contour plot is shown in Fig. 5b . Four medium-sized red-colored contours were found surrounding these oxygen atoms. This means that the increasing of electron density caused by oxygen atoms contributes significantly to antimicrobial activity. It was found that a small-sized bluecolored contour was in the region between the glyceride ester groups and fatty acid carbon chains, which means that negatively charged substituents were not favored.
Discussion
It was shown that S. aureus, a Gram-positive bacterium, was most effectively inactivated by exposure to monoglycerides of fatty acids with a length of 10-14 carbons, or unsaturated fatty acids and their monoglycerides with a length longer than 18 carbons. This is in good agreement with previous studies in which Kabara et al. (1977) and Kelsey et al. (2006) showed that medium-chain saturated fatty acids and long-chain unsaturated fatty acids were potent antimicrobials against bacteria, especially Gram-positive bacteria. Monoglycerides were the most active derivatives and were usually more potent than their corresponding fatty acids. However, monotridecanoin (13:0) displayed the most potent activity in this study. It was previously reported (Kabara et al., 1977 ) that monotridecanoin showed no activity against S. aureus. Cis-9,trans-11 and trans-10,cis-12 conjugated linoleic acids showed no activity in this study, which was not consistent with Kelsey et al. (2006) . This may be due to the different sensitivity of S. aureus strains to certain lipids. On the other hand, it is the first observation that the compounds such as γ-linolenic acid (18:3), monotridecanoin (13:0), mono-γ-linolenin (18:3), and monoarachidonin (20:4) possess potent anti-S. aureus activity.
If the number of descriptors is too small, it is not easy to obtain a good model because some important factors may be neglected. If the number of descriptors is too large, overfitting may occur leading to the wrong prediction. To ensure the quality of the established model, the number of descriptors was determined as five in this study.
From the conventional QSAR model, it can be seen that the molecular space volume and distribution of atom polarizabilities have a significant influence on antimicrobial activity of FADs, because RDF030p, RDF080p, and E2p are related to the distribution of atoms and their polarizabilities. Atomic polarizability is the relative tendency of a charge distribution, like the electron cloud of an atom to be distorted from its normal shape by an external electric field, which represents atomic electric susceptibility to an external electric field (Nagle, 1990) . It is well known that the formation of intramolecular hydrogen bonds changes the electron cloud shape; thus, it is also related to molecular electric properties. Therefore, the molecular space volume and electric properties were the most prevailing structure factors to affect antimicrobial activity.
From the CoMFA model, it can be seen that steric effect was the main effect. The contour plot demonstrated that bulky substituents at C12 or C13, for example of monotridecanoin, but not at C≥14, and negatively charged substituents at the -COOH side are favored for high activity.
Conventional QSAR analysis was used to examine the whole molecule, while CoMFA was prone to focus on structure moieties. The analysis of combining these two models can lead to more reliable results. When predicted values of one compound by the QSAR and CoMFA models were similar (difference ≤0.35), the prediction seemed to be more accurate, as seen in compounds 1, 2, 4, 6, 7, 10, 12, 13, 15, 16, 17, 18, 19, and 20. When predicted values by the two models were considerably different (difference >0.35), the predictive accuracy tended to be lower, as seen in compounds 5, 8, 14, 21, 24, and 29.
Conventional QSAR and CoMFA analyses were performed to explore comprehensive structureactivity relationships and two statistically reliable models (conventional QSAR: R 2 =0.942, 2 LOO Q = 0.910; CoMFA: R 2 =0.979, Q 2 =0.588) were established. Combining these two models, it can be concluded that in order to display higher antimicrobial activity, FAD molecular structures should possess certain properties. In terms of steric properties, the structure should have bulky substituents at C12 or C13, but not at C≥14, and have more atom pairs with a distance close to 3.0 Å, but fewer near 8.0 Å, which means a denser atom distribution and smaller space volume. In terms of electronic properties, the structure should contain more negative atoms in specific regions, which increases molecular negativity, generates hydrogen bonds, and forms an appropriate distribution of atom polarizabilities. In general, there should be special electron clouds with shape and susceptibility to external electric fields. In terms of physical properties, the structure should have inflammatory drug-like properties (ALOGP 1.4-4.5, AMR 59-119, M W 212-447, and number of atoms 24-59). Hsiao and Siebert (1999) were the first ones who applied the QSAR method to antimicrobial activity of organic acids. They applied PCA to 11 properties such as M W , number of carbon atoms, and melting point, and obtained four principal components corresponding to polar groups (PC1), the number of double bonds (PC2), molecular size (PC3), and solubility in nonpolar solvents (PC4) to establish models with high R 2 values (Hsiao and Siebert, 1999; Nakai and Siebert, 2003; .
It is well known that molecular solubility is closely related with its polarity: the higher polarity of the molecule, the better solubility in polar solvents, which is called the theory of "similarity and intermiscibility" (Schmid, 2001) . Thus, both PC1 and PC4 represented polarity of molecule, and suggested that polarity had great impact on MICs, which coincided with the results in our study. Both the favor of negative charges suggested by the CoMFA model, and the importance of atomic polarizabilities by conventional QSAR model, indicated that electronic properties, including molecular electron cloud shape and its susceptibility to an external electric field, played a significant role. PC2 mainly represented the number of carbon-carbon double bonds. Kabara (1984) analyzed the influence of carbon-carbon double bonds and speculated that the addition of a cis double bond increased the antimicrobial activity of a straight-chain fatty acid. A second double bond further increased the activity, while a third double bond was not as effective. This conclusion was only based on serial 18 carbon fatty acids, but differed from another study (Kodicek, 1949) , which indicated that the formation of double bonds would change the electron cloud shape as well as the molecular polarity. In addition, double bonds would distort the conformation of the carbon chain. The conformations of linolenic acid (18:3), monoarachidonin (20:4), eicosapentaenoic acid (20:5), and docosahexaenoic acid (22:6) were distorted by their double bonds and became more spherical, resulting in a decrease of molecular space volume. These compounds displayed potent activity, while some other compounds with the same long-carbon chain, such as monostearin (18:0), eicosanoic acid (20:0), erucic acid (22:1), and monoerucin (22:1), did not have enough double bonds to make the distortion, leading to the results that show their MICs were all above 4 000 μg/ml. Therefore, the changes of molecular space volume and electronic properties may be the intrinsic factors of double bonds. PC3 corresponded to molecular size, which indicates that the steric effect was another important factor to antimicrobial activity, as suggested in this study.
Good accordance was found between this study and Siebert's research (Hsiao and Siebert, 1999; Nakai and Siebert, 2003; . Their work was based on different training sets, structure descriptor types, and analysis methods, and the result was reasonable since many physicochemical properties, such as melting point and solubility, had good linear relationships with the structures, as demonstrated by ample quantitative structure-property relationship (QSPR) studies. The results of our work support their conclusions, and may be more reliable because of the more extensive range of FAD samples and the combined application of conventional QSAR and CoMFA methods. The novel 3D structure descriptors were first used in the conventional QSAR analysis to consider the 3D structure features of FADs, and combined with CoMFA analysis to predict more reliable results and provide a better understanding on the nature of antimicrobial FADs.
Conclusions
The antimicrobial activities of 57 FADs were examined and 37 were antimicrobials. Compared to fatty acids and fatty alcohols, monoglycerides of fatty acids displayed higher antimicrobial activities, and monotridecanoin was the most potent among the monoglycerides. Conventional QSAR and CoMFA analyses were performed to explore comprehensive structure-activity relationships and two statistically reliable models (conventional QSAR: R
